Saponification of the chloroform-soluble wax from Mycobacterium tuberculosis Br6vanne led to the isolation of three classes of mycolic acid containing characteristic functional groups along the methylene backbone: type a (two cyclopropane rings); type,B (methoxyl, methyl, and cyclopropane); and type y (ketone, methyl, and cyclopropane). The structures of these acids were elucidated principally by mass spectrometry. The high mass region of the keto mycolate is presented showing the meromycolal and molecular ion regions. This is first time a molecular peak for this mycolic acid has been reported. The structure of the keto mycolate was further substantiated by study of the mass spectral fragmentation of its dithioketal derivative. Within each type of acid, a series of homologs was encountered, varying according to the number of methylene units in the backbone chain. Chromatographic and infrared spectrophotometric evidence is presented for the alkali-induced isomerization of the three types of mycolates.
For decades mycobacterial lipids have been the subject of intensive studies because of their important role in the pathogenesis of tuberculosis and because of their immunostimulative properties as constituents of the widely used Freund-type adjuvant (water-in-oil emulsion of killed tubercle bacilli) (4, 10) . Recently there has been a surge of interest due to their usefulness in antitumor immunotherapy (5, 6, 15, (19) (20) (21) 25) . It is generally agreed that mycolic acids are essential components for the potent biological activities of mycobacterial constituents such as trehalose mycolates, wax D, and the cell wall skeleton (mycolic acid-arabinogalactan-mucopeptide complex) (4, 14) . The a-branched ,B-hydroxy structure characteristic of mycolic acids has been well documented (4); however, the literature abounds with fragmentary studies concerning the structure of one or another type of mycolic acid isolated from several human strains, which vary according to the types of functional groups situated along the C60o hydrocarbon "mero" backbone (2, 7, 12, 16) . Only the most recent works have sought to elucidate the fine structure by modem analytical techniques in which the preponderant homolog or series of homologs of a given type of acid was analyzed (11, 14, 17, 18, 22 Fig. 1A ) and served as a stock of about 10 g of starting material for silica gel chromatography. Separation of methyl mycolates by silica gel column chromatography. Portions (2 g) of the above material were applied to a column of 100 g of silica gel (Merck, 0.08 mm) mixed with Celite (50 g).
The eluting solvents, hexane progressively enriched with benzene (95:5; 90:10; 85:15, etc.), had been previously dried over sodium. As necessary, each fraction that was still heterogeneous was returned to the column for repurification (Fig. 1B) .
Dithioketal derivatives. The dithioketal derivative of the keto (y) mycolate was prepared as previously described (24) . Into a two-necked, round-bottom flsk containing 50 mg of -y-mycolate dissolved in 3 ml of anhydrous ether, 1 ml of ethanedithiol was added; then a current of hydrogen chloride gas was admitted. The reaction was followed with the aid of TLC; at the end of 3 h, two phases were observed at the bottom of the flask, the water of elimination and the ether solution of the thioketal. Material remaining in the flask was desiccated over potassium hydroxide to remove HCI, and excess ethanedithiol was eliminated under vacuum after addition of xylene. The sample was analyzed by mass spectrometry without further purification.
RESULTS
Saponification of the chloroform-soluble wax of M. tuberculosis Brevanne led to a mixture of acids, which was purified by chromatography on alumiina. After esterification with diazomethane, TLC of fractions 8 to 27 resulted in five to six spots having very similar Rf values (Fig. 1A) . By rechromatography on a column of silica gel-Celite, six esters were isolated (Fig. 1B) ; their physical constants are recorded in type of ester was deduced from the study of IR, nuclear magnetic resonance, and mass spectra as previously described (7, 9) . From these and other studies, it is apparent that these fractions represented three different types of ester (designated a, /1, -y) and their respective diastereomers (pre-a, pre-fl, pre--y), which are by-products resulting from the alkaline conditions of saponification (8, 12) . The diastereomers are designated "pre-" because each has a chromatographic mobility greater than that of its corresponding parent compound. The order of elution from a silica gel column was: pre-a, pre-fl, pre--y, and y. and by the presence of a meroaldehyde whose fragmentation is characteristic of each type of ester (Fig. 2) . Ester, a-mycolate (dicyclopropyl). No molecular ion (M+) peak was observed, but a homologous series of anhydromycolate peaks (M+ - Fig. 3 ). Thus, we conclude, x = 19 and y + z = 25 to 35, corresponding to homologous methyl mycolates with empirical formulas ranging from C78H15203 to CaHn7403. For this type of ester imilarly isolated from human strains Test (9), Canetti (2), and H37Ra (3, 18) , the attribution of the value of z has been the object of numerous speculations. In this regard a very precise formula (x = 19, y = 14, z = 13) for the preponderant homolog of this ester isolated from human strain Brevanne has been proposed by Gensler and Marshall (11) , who utilized a sample of amycolic acid which we had prepared according to the same method reported here.
Ester, ,-mycolate (methoxy, methyl, cyclopropyl). A molecular ion peak was not apparent, but a series of peaks at (M+ -18, -32) was observed: m/e 1,104, 1,132, 1,160, 1,188, 1,216, and 1,244. Peaks corresponding to the meroaldehyde were not visible, but a series of peaks produced by the loss of methanol (-32 Fig. 6 ). Thus, x = 17 and y + z = 35 to 39, corresponding to mycolate esters with empirical formulas ranging from C86Hl6804 to C09oH7604. This type of ester has also been isolated from M. bovis strain BCG (1) . Taking into account the presence of peaks due to other fragmentations, a different formula could be envisioned (16) . To resolve this difference the dithioketal derivative was used for mass spectral study.
Fragmentation of the dithioketal derivative. No molecular ion peak was detected, but a peak corresponding to (M") minus [CH3-(CH2)1r-CHOH3-] and minus H20, 7 ). Other important peaks were visible at mle 1,011, 1,027, 1,039, and 1,228, whose interpretation remains uncertain. It is necessary to note the absence of visible homologs at cleavage c, which indicates that the structure of the preponderant mycolic acid may be represented with x = 17. Three homologs are clearly evident resulting from cleavage d; thus, y + z = 36 for the major mycolic acid.
Structure of the methyl mycolates, prea, pre-,B, and pre-y. The nuclear magnetic resonance and mass spectra of the "pre-" mycolates were identical to those of the respective mycolates a, ,B, and y. However, in comparing their IR spectra one notes differences in the regions of absorption due to hydroxyl and carbonyl groups. For each pair of esters, a comparative IR study in the region of hydroxyl absorption was performed (see Fig. 8 and Table 2 ).
In each case two absorption bands were observed, one (I) in the region 3,620 to 3,640 cm-' attributable to a free hydroxyl vibration V(OH.4e) and the other (II) in the region 3,530 to 3,550 cm-l attributable, at the concentrations used, to intramolecularly hydrogen-bonded hydroxyl vibrations V(OHWintramolecular H-bond). Study of the ester C=O vibrations was not performed. The influence of chelation on this vibration is generally very feeble; moreover, uncertain interpretations can result from splitting of the absorption band or from the appearance of compound vibrations in this zone. Comparison of the ratio of extinction coefficients E(I)/E(H) shows that chelation is much stronger in the series a, ,B, -y than in the series pre-a, pre-fl, pre--y.
Comparison of the physical properties of the mycolates and premycolates of identical nuclear magnetic resonance and mass spectra, but dif- In a recent study comparing trehalose mycolates from various strains of mycobacteria, /8-mycolic acid was absent in avirulent strains but present in all the virulent strains tested (23) . As a result of the present work, we can add strain Brevanne to the list of virulent strains containing this acid.
In some measures of biological activity, such as cord factor-like toxicity and antitumor therapy, trehalose esters of mycolic acid analogs containing simplified acyl moieties appeared to possess nearly the same degree of activity as trehalose mycolates isolated from mycobacteria (13, 21, 25, 26) . Nevertheless, all of the pathogenic tubercle bacilli that have been studied contained Cw* mycolic acids supplemented with cyclopropanoid, keto, or methoxyl functional groups situated along the hydrocarbon back-J. BACTERIOL. bone. Whereas these groups are undoubtedly residuals of the condensations involved in the biogenesis of the very long methylene chain (4, 7, 12) , it is also possible to envision their fortuitous physicochemical effects in ameliorating the properties of such unwieldly fatty acids. For example, in spite of their high molecular weight, mycolic acids have relatively low melting points and are highly soluble in organic solvents such as chloroform and benzene. It is interesting that of the functional groups found in mycolic acids (cyclopropanes, ketones, and methoxyls, or double bonds in some saprophytic strains) the methoxyl or ketone functions would permit the most conformational freedom of the methylene backbone. Although this may appear to make only a slight difference in their physicochemical properties, mycolic acids do comprise a substantial portion of the mycobacterial cell mass and the presence of the methoxy or keto mycolic acids might make a critical difference in whether a given mycobacterial strain can adapt to a host and subsequently propagate.
It is hoped that recent advances in separation techniques will permit further clarification of the fine structure of mycolic acids, particularly in regard to the presence of homologs (11, 18, 22) . Only then can questions be resolved as to whether a single mycolate structure or a mixture of structures is required for a given host-parasite interaction.
